We have applied positron annihilation and Hall-effect/resistivity experiments to identify and quantify vacancy-impurity complexes formed in molecular-beam epitaxially grown Si at very high As doping levels of Ͼ10 20 cm Ϫ3 . The results indicate that V-As 3 is the dominant vacancy defect which exists at concentrations relevant to the electrical deactivation of doping. Larger complexes, tentatively identified as V 2 -As 5 , are also present at high concentrations. The V-As 3 and V 2 -As 5 defects are removed by annealings at 800°C and 900°C, respectively. The rapid thermal annealing leads to lowest concentrations of these deactivating defects, indicating that their formation is limited by migration processes during the cooling down. The decrease of the size of the Si field-effect transistors requires extremely high doping densities in the drain and source regions. At donor concentrations above 10 20 cm Ϫ3 , however, the free-electron concentration stops to increase with doping. This electrical deactivation has been attributed to the formation of compensating defects, the identification of which has been much debated.
The decrease of the size of the Si field-effect transistors requires extremely high doping densities in the drain and source regions. At donor concentrations above 10 20 cm Ϫ3 , however, the free-electron concentration stops to increase with doping. This electrical deactivation has been attributed to the formation of compensating defects, the identification of which has been much debated. [1] [2] [3] Vacancy-impurity complexes have been observed in positron annihilation experiments 4 but their exact structure is unknown. Vacancies surrounded by three As atoms, V-As 3 , have been identified in Czochralski ͑Cz͒-grown bulk Si doped up to ͓As͔ ϭ10 20 cm Ϫ3 and their formation has been explained by kinetic migration processes. [5] [6] [7] [8] However, the concentration of V-As 3 complexes in Cz Si (͓As͔ϭ10 20 cm Ϫ3 ) is only 0.1 % of the As concentration 5 and the material does not show substantial electrical deactivation. Furthermore, it has been suggested that pairs of dopant atoms without vacancies are dominant at high doping levels. 9, 10 It is thus interesting to study the structure of compensating defect complexes at ͓As͔Ͼ10 20 cm Ϫ3 where the electrical deactivation of doping becomes substantial. Equally important is to understand what happens to defect complexes in rapid thermal annealing ͑RTA͒ treatments which are routinely used to activate the doping after the growth.
In this paper we show that the V-As 3 complexes are the dominant vacancy defects in molecular-beam epitaxially ͑MBE͒ grown Si doped with As concentrations above 10 20 cm Ϫ3 by in situ ion implantation during the growth. We also show that larger vacancy complexes, tentatively identified as V 2 -As 5 , are present at substantial concentrations. The defect complexes dissociate in annealings at 800°C and 900°C, respectively. Their reformation depends on the cooling time and can be explained by the elementary migration processes of vacancy-impurity complexes. 6 We studied silicon samples with 330-nm thin MBE grown epitaxial layers doped heavily with arsenic (1.5ϫ10 20 and 3.5ϫ10 20 cm Ϫ3 ). The epitaxial layers were grown on p-type, 80 ⍀ cm, ͑001͒-oriented Si float-zone refined substrates kept at a temperature of 450°C during the growth. The growth rate was 0.02 nm/s and the As ions were implanted at an energy of 1 keV during the growth. The samples were subjected to annealing in N 2 , either with RTA at 900°C for 10-170 s or furnace annealing at 800°-900°C for two minutes. Of the RTA samples, the ones annealed for 10 s were chosen for positron measurements. Before these measurements all of the samples were dipped in HF in order to remove the oxide layer which would otherwise complicate the analysis of the measurements. The electrical activities were deduced from Hall-effect/resistivity measurements on clover-leaf-shaped Van der Pauw geometries. For a couple of samples electrical activities from these integral measurements were compared to electrical activities deduced from full depth profiles measured by repeated removal of layers of 10 nm using anodic oxidation and chemical stripping. The electrical activities deduced from these two types of measurements were always found to agree within the uncertainties which are estimated to be less than 5%. The total As concentrations were determined with Rutherford backscattering spectrometry ͑RBS͒ using 2-MeV alpha particles. Both the RBS and the differential Hall/resistivity measurements demonstrated that no significant redistribution of the original As-box distribution took place during the different annealing steps.
The annealings had considerable effect on the electrical activities of the samples, as can be seen in Table I . With RTA at 900°C the effect was strongest and found to be independent of annealing time; in Si(͓As͔ϭ1.5ϫ10 20 cm Ϫ3 ) the activity went from 20% to 98% whereas in Si(͓As͔ϭ3.5 ϫ10 20 cm Ϫ3 ) it went from 2% to 85%. The annealings in the furnace at the same temperature had somewhat less of an effect, and the final activity was about 20% below the RTA value. Since the electrical activity after RTA was independent of annealing time, the lower activity after furnace annealing appears to be a result of the slower cooling-down time (ϳ10 s for furnace, compared with ϳ1 s for RTA͒. In all cases the annealings at 800°C had a little less of an effect on the electrical activity than corresponding annealings at 900°C. These results show that annealing removes a large fraction of the compensating defects formed during the growth.
In the positron annihilation experiments, we measured the Doppler broadening of the annihilation radiation using Ge detectors. The coincidence detection of both 511-keV photons emitted from the e ϩ Ϫe Ϫ annihilation was accomplished by a two-parameter multichannel analyzer. This experiment allows identification of vacancies by recording the momentum distribution of annihilating electrons. An energy resolution of 1.0 keV and a peak-to-background ratio of 2 ϫ10 6 were achieved in the coincidence mode. From the Doppler spectra we calculated the shape parameters S and W. S describes annihilations with the valence electrons and W with the outermost core electrons.
The measured W parameters ͑measured with one Ge detector͒ in as-grown and RTA treated Si(͓As͔ϭ1.5 ϫ10 20 cm Ϫ3 ) samples are shown in Fig. 1 as a function of positron implantation energy E. The W ͑and S) parameters are constant at Eϭ1 -4 keV in all the samples except in the RTA treated Si(͓As͔ϭ1.5ϫ10 20 cm Ϫ3 ). With increasing E the W parameter decreases to the level obtained in the defectfree Si lattice in the substrate. The 330-nm highly doped Si layer can thus be characterized with the large W parameter at Eϭ1 -4 keV.
The constant W and S parameters at Eϭ1 -4 keV show that positrons stopped at the heavily doped layer do not diffuse efficiently but annihilate in the layer. In fact, if we assume no positron diffusion after thermalization, we can reproduce the experimental W(E) curve in the as-grown Si(͓As͔ϭ1.5ϫ10 20 cm Ϫ3 ) sample as shown in Fig. 1 . This means that due to strong positron trapping at vacancies the positron diffusion length is Շ10% of the thickness of the As-doped layer ͑330 nm͒. The associated positron trapping rate is ϳ(220 nm/30 nm) 2 b ϳ500 ns Ϫ1 ͑the positron annihilation rate is b ϳ5 ns Ϫ1 and diffusion length is ϳ220 nm in defect-free Si͒. Using the trapping coefficient of ϭ10 15 s Ϫ1 the vacancy concentration in the As-doped Si layer is thus Ͼ10 19 cm Ϫ3 . Only in the RTA treated Si(͓As͔ ϭ1.5ϫ10 20 cm Ϫ3 ) sample ͑Fig. 1͒ is the positron diffusion obviously stronger and the vacancy concentration an orderof-magnitude lower.
The core electron momentum distributions at the vacancies were measured by implanting 3-keV positrons to the highly As-doped layer ͑Fig. 2͒. The intensity of the spectra is well above that recorded in defect-free Si. This effect is the opposite from that expected for clean vacancies, but a direct indication of As atoms in the surroundings of vacancies. 5 The ten 3d core electrons of As atoms increase the core electron density and positron annihilation probability with them. The data of Fig. 2 are very similar to that recorded earlier for a vacancy surrounded by three As atoms, the V-As 3 complex. 5 Our measurements thus show that V-As 3 complexes exist in high concentrations ͑above 10 19 cm Ϫ3 ) in MBE-grown 
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silicon doped to very high doping levels by in situ ion implantation. Previously these V-As 3 defects have been identified in Czochralski-grown Si(͓As͔ϭ10 20 cm Ϫ3 ), but at a considerably lower concentration (10 17 cm Ϫ3 ). 5 The high concentration of these defects in as-grown samples gives strong evidence that they are responsible for the electrical deactivation observed in silicon with very high doping.
However, the details of the Doppler broadening data show that larger V-As complexes are also present. The linearity of valence and core electron momentum distributions is studied in Fig. 3 , which shows the W parameters in all samples as a function of the S parameter. The measurements were made using a coincidence of two Ge detectors allowing us to record the W parameter at higher momentum values (20-25ϫ10 Ϫ3 m 0 c) and the deconvolution of the energy resolution for the S parameter. All points except that measured in the RTA treated Si(͓As͔ϭ1.5ϫ10 20 cm Ϫ3 ) fall on a line where the W parameter is almost constant but S varies. The line crosses the (S,W) point corresponding to the V-As 3 defect ͑obtained in Ref. 5͒ but does not approach the (S,W) point of the defect-free Si lattice along the dashed line in Fig.  3 . This indicates that another vacancy complex coexists with V-As 3 in the highly As-doped material. Its characteristic S parameter is larger than that of V-As 3 indicating that the open volume is larger. Since the W parameter is about the same as that for V-As 3 , the relative number of As surrounding the defect is the same. The simplest of such defects at the right side of the SW plot are the V 2 -As n complexes, with n ϭ4,5. A quantitative calculation ͑using methods described in Ref. 11͒ shows that the most likely assignment of the defect is V 2 -As 5 . Notice that in the samples with the higher As concentration the W parameters in Fig. 3 are systematically larger. This may indicate that the average number of As surrounding vacancies is slightly larger, e.g., due to the formation of small concentrations of V-As 4 .
The positron diffusion lengths ͑Fig. 1͒ are able to yield the order of magnitudes of vacancy complex concentrations, which are Ͼ10 19 cm Ϫ3 in as grown and 10 17 -10 19 cm Ϫ3 in the annealed samples. These concentrations are high enough to explain the electrical deactivation. We thus conclude that other defects, such as As clusters without a vacancy, contribute less to the compensation. To estimate the vacancy concentrations more accurately and compare them after various annealings we combine the positron results with the electrical data. We assume that all positrons annihilate at the two dominant defects, V-As 3 and V 2 -As 5 , and that these defects are the only ones participating in the compensation. We take the S parameter of 1.02-1.04 for V 2 -As 5 on the basis of ͑i͒ experimental data for V-As n and V 2 , 5,6,12 ͑ii͒ calculated results for V-As n and V 2 -As n , 5 and ͑iii͒ the lower limit of 1.02 set by the data of Fig. 3 . The fraction f pass of electrically inactive As and the S parameter in Fig. 3 can now be written as f pass ͓As͔ϭ3͓VAs 3 ͔ϩ5͓V 2 As 5 ͔, ͑1͒
Sϭ ͓VAs 3 ͔S͑ VAs 3 ͒ϩ͓V 2 As 5 ͔S͑ V 2 As 5 ͒ ͓VAs 3 ͔ϩ͓V 2 As 5 ͔ , ͑2͒
where we have assumed that the positron trapping coefficients at both vacancy complexes are the same. The estimated defect concentrations, obtained by solving Eqs. ͑1͒ and ͑2͒, are shown in Table I . The error limits are mainly due to the uncertainties of the S parameter of the V 2 -As 5 defect. Ϫ3 m 0 c from all the measured samples and a sample containing V-As 3 defects. All measurements were done using a coincidence setup of two Ge detectors. The energy resolution function was deconvoluted out of the spectrum before the calculation of the S parameter. AG in the plot denotes as-grown samples.
The defect concentrations in Table I indicate that the dominant defect in as-grown samples is V-As 3 . With annealing the relative amount of V 2 -As 5 increases, and even dominates after annealing at 800°C. Obviously the V-As 3 and V 2 -As 5 complexes become unstable at 800°C and 900°C, respectively, since their concentrations decrease. The rapid thermal annealing leaves behind less vacancy complexes than the longer annealing in the furnace at the same temperature demonstrating the importance of the cooling time in the reconstruction of the deactivating defects.
In Fig. 4 we propose defect reactions taking place in highly As-doped Si in the annealing and cooling down. At 800°C the V-As 3 defects disintegrate and leave behind V, V-As, and V-As 2 defects, which are mobile. 6 These complexes continue diffusing during the cooling down, and may pair with As to finally reconstruct V-As 3 . The heat treatments cause a significant decrease in the total vacancy concentration which indicates that migrating vacancy complexes have a chance to reach the surface where the vacancy can escape. The V 2 -As 5 complexes present before the annealing remain in the sample, and their concentrations can also increase when, for example, V-As 2 and V-As 3 combine.
In annealings at 900°C also the V 2 -As 5 defects break up, whereafter the processes continue as after 800°C annealing. However, at higher temperatures the defects are more mobile and more vacancies thus have a chance to escape the sample or form defects. Interestingly the V-As 3 concentration is larger after 900°C than after 800°C annealing. This behavior, however, is consistent with the kinetic model of Fig. 4 . The V 2 -As 5 defects dissociating at 900°C are additional sources for migrating V, V-As, and V-As 2 , which form stable V-As 3 complexes during the cooling down at TϽ800°C.
In RTA both the heat treatment and the cooling take place more rapidly than in furnace annealing. In general the migrating species have thus less time to form the V-As 3 and V 2 -As 5 defects during the cooling down. This explains the higher electrical activity of As after rapid thermal annealing as observed here and in Ref. 13 earlier. However, notice that in addition to the processes of Fig. 4 also some V-As 4 and other vacancy complexes may form but their concentrations are much lower.
In conclusion, we have shown that a vacancy surrounded by three As atoms is the dominant compensating vacancy defect in heavily As-doped MBE-grown Si. Larger vacancy complexes, tentatively identified as V 2 -As 5 , are also formed at high concentrations. The V-As 3 and V 2 -As 5 complexes are removed by annealings at 800°C and 900°C, respectively. However, they are likely to reconstruct during the cooling down by subsequent migrations of V, V-As, and V-As 2 . The rapid thermal annealing is shown to lead to smallest concentrations of V-As 3 and V 2 -As 5 complexes, most likely due to the limited time available for the migration processes.
